Charged-particle spectroscopy is used to assess implosion symmetry in ignition-scale indirect-drive implosions for the first time. Surrogate D 3 He gas-filled implosions at the National Ignition Facility produce energetic protons via Dþ 3 He fusion that are used to measure the implosion areal density (qR) at the shock-bang time. By using protons produced several hundred ps before the main compression bang, the implosion is diagnosed in-flight at a convergence ratio of 3-5 just prior to peak velocity. This isolates acceleration-phase asymmetry growth. For many surrogate implosions, proton spectrometers placed at the north pole and equator reveal significant asymmetries with amplitudes routinely տ10%, which are interpreted as ' ¼ 2 Legendre modes. With significant expected growth by stagnation, it is likely that these asymmetries would degrade the final implosion performance. X-ray self-emission images at stagnation show asymmetries that are positively correlated with the observed in-flight asymmetries and comparable in magnitude, contradicting growth models; this suggests that the hot-spot shape does not reflect the stagnated shell shape or that significant residual kinetic energy exists at stagnation. More prolate implosions are observed when the laser drive is sustained ("no-coast"), implying a significant time-dependent asymmetry in peak drive. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The central challenge of Inertial Confinement Fusion (ICF) is to compress and heat fusion fuel to the extreme conditions required for ignition and burn. 1, 2 At the National Ignition Facility (NIF), 3 the approach to achieving this is by symmetric, ablatively driven spherical compression, where the goal is a convergence ratio CR R initial =R f inal $ 35. 4 Ignition experiments must control the cold-fuel symmetry to better than several percent at stagnation. 2, 5, 6 In indirect-drive implosions conducted at the NIF, radiation drive non-uniformities can cause detrimental low-mode (Շ8) asymmetries 7, 8 the focus of this work. Several techniques are used to study asymmetry at the NIF; in this paper, we present the first charged-particle measurements of areal-density (qR) asymmetries at the shock-bang time in ignition-scale implosions. These measurements are novel in quantifying qR asymmetries that are present when the implosion is in-flight, at CR $ 3 À 5, complementing prior methods at different CR. It is comparable to recently developed in-flight radiography of the imploding shell, 9 which can be used simultaneously with the charged-particle diagnostics. Other techniques for diagnosing symmetry include "re-emit" experiments that measure x-ray re-emission from a high-Z capsule to diagnose early-time (CR $ 1) hohlraum drive asymmetries 10, 11 and shock-timing experiments that use multiple views to diagnose early-time shock symmetry. 12, 13 In addition, x-ray self-emission produced by the implosion at stagnation is imaged to diagnose the final hot-spot symmetry in lower-convergence (CR $ 15 À 20) surrogate implosions. 14 In cryogenic implosions, the final stagnated hot-spot and cold-fuel shapes are diagnosed by x-ray 15 and neutron 16 imaging techniques. This paper is organized as follows. The technique and its application to asymmetry measurements are discussed in Sec. II, the data are compared to stagnation x-ray self-emission asymmetries in Sec. III, an observed trend with coasting time is discussed in Sec. IV, and the paper is concluded in Sec. V. 
II. NIF ASYMMETRY MEASUREMENTS
Charged-particle measurements of qR asymmetries have previously been used at the OMEGA laser facility 17 for spherically symmetric direct-drive implosions 18, 19 and directdrive implosions with induced asymmetries. 20 Extending this technique to NIF has been discussed. 21 The reaction 
is used. The high-energy proton escapes implosions with qR Շ 300 mg/cm 2 . This limit is set by the charged-particle stopping power in plasmas. 22 During an implosion, a strong shock wave runs ahead of the imploding shell and rebounds at the origin several hundred ps before the main compression phase, creating densities and temperatures high enough for a brief period of fusion burn (shock bang) 23, 24 that produces protons via Eq. (1). Recent work has inferred a shockcompression bang-time differential of 400 À 800 ps for these implosions, 25 which will be measured more precisely in the future. 26 For the implosions 14, 27 studied at the NIF, surrogate 28 CH capsules filled with D 2 and 3
He gas converge to R $ 200 À300 lm by the shock bang time (compared to an initial inner radius of $900 lm), at which point the total qR has reached $60 À 120 mg/cm 2 . During the main compression burn, qR ) 300 mg/cm 2 , so the D He-p are ranged out. The protons are measured with compact Wedge Range Filter (WRF) spectrometers. [29] [30] [31] Multiple spectrometers are fielded in the (0,0) polar Diagnostic Instrument Manipulator 32 (DIM) and in an equatorial DIM, (90,78), as shown in Fig. 1 . Each WRF spectrometer is a 5 cm diameter "can," with an active area approximately 2 Â 2 cm, placed 50 cm from targetchamber center (TCC). WRFs in the polar DIM view the implosion through the laser entrance hole (LEH). The equatorial WRFs measure protons through the hohlraum wall which causes additional downshift; the results are corrected for this energy loss in the wall using cold-matter stopping powers 33 and known material thicknesses. 34 Other materials, such as the capsule "tent" and hohlraum gas fill, are negligible. 35 One or two spectrometers can be fielded at a displacement of 613:6 from the axis for both DIMs. In these surrogate NIF implosions, differences in the mean shock proton energy between the polar and hohlraumcorrected equatorial spectra are routinely observed. Fig. 2 shows spectra measured on the pole and equator for shot N101218, which had a large asymmetry induced by a known capsule offset. On this shot, the polar WRF measured a lower . These spectral differences in the polar and equatorial spectrometry data cannot be attributed to electromagnetic fields. First, prior work has demonstrated that electric fields generated in indirect-drive targets decay early within the laser drive, 36,37 while these data are obtained after the laser is turned off. Transverse magnetic fields exist near the laserentrance hole 38 for these implosions; the magnetic fields cause asymmetries in proton flux but do not affect the proton mean energy and thus the inferred qR and shell R cm are unaffected. The spectral differences must be caused by differences in the energy slowing of the protons exiting the implosion and thus in the implosion qR.
Low-mode asymmetries can be modeled by spherical harmonic perturbations of the imploding shell's center-ofmass radius as
where h and / are the polar and azimuthal angles, respectively, R is the unperturbed shell radius, D is the fractional asymmetry amplitude, a is the normalization factor, 39 and P m ' is an associated Legendre polynomial. This shape analysis using the radius enables direct comparison to x-ray metrics, which are typically given as fractional Legendre amplitudes (i.e., D). As we do not know a priori whether polar or azimuthal modes (or both) are responsible for observed differences between the two lines of sight (see Fig. 1 ), both are included here for generality.
Using a simple 1-D model, qR and R cm are simultaneously inferred from the proton energy measurement using a mass profile self-consistently converged to relate R cm , qR, and measured proton energy. Multiple proton measurements of R cm at various h; / are then fit with the functional form for R cm ðh; /Þ (Eq. (2)). 40 Since the asymmetries are manifested as a relative difference between the measurements, only "random" or statistical uncertainties are retained in this analysis. The polar-equatorial geometry would suggest the assumption of a ' ¼ 2; m ¼ 0 mode asymmetry. However, with limited WRF lines of sight, we cannot differentiate between various modes. For instance, in Fig. 3 , the difference in qR between the polar and equatorial WRFs for assumed polar (m ¼ 0) modes with ' ¼ 1; 2; 3; 4 are plotted. Modes 2 and 4 are known to be prevalent in these NIF implosions, 9 and the potential for deleterious mode 1 asymmetries has been recognized.
41,42
For a given D, the observable difference in qR is maximized if the mode is a P 2 (i.e., ' ¼ 2; m ¼ 0). Fig. 3 shows that this technique is half as sensitive to modes ' ¼ 1; 3; 4 with the current detector geometry (Fig. 1) . While we cannot differentiate between a ' ¼ 2 mode and a ' ¼ 1 mode with twice the perturbation amplitude, due to the limited diagnostic lines of sight, 43 for a difference in qR between pole and equator this work assumes a ' ¼ 2 mode, which minimizes the inferred D. The asymmetry amplitude D is plotted for all shots in this work in Fig. 4 , with 1r error bars.
The qR asymmetries do not have systematic direction, i.e., approximately the same number of shots have a higher polar qR (negative D) as the number of shots with higher equator qR (positive D). Only 20%-30% of the shots are consistent within error bars with a symmetric (D ¼ 0) implosion.
III. COMPARISON TO STAGNATION X-RAY ASYMMETRY
We can compare this work to compression x-ray selfemission imaging 14, 44 at CR $ 20. The dataset plotted in (2)) for all NIF shots with polar and equatorial WRF data since 2010 (numerous tuning changes over the campaigns resulted in large differences in shot-to-shot symmetry). Shot numbers are displayed below. Displayed error bars are 1r. Positive values represent higher qR on the equator. Shot N101218 (also shown in Fig. 2 ) is specifically annotated. Shots used in Fig. 5 denoted by square markers, and in Fig. 6 by diamond markers.
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Fig. 4 is reduced to experiments with very good stagnation azimuthal symmetry as measured by polar-view x-ray imaging (m 2 =m 0 < 10% and m 4 =m 0 < 15%) to reduce effects of m modes and with a small polar mode-4 asymmetry (P 4 =P 0 < 15%). For shots satisfying these cuts, the assumption of a P 2 -dominated asymmetry in our measurement is valid. In Fig. 4 , these shots are denoted by the square markers. The qR P 2 data are compared directly to the stagnation x-ray symmetry measurement in Fig. 5 . As the x-ray metric is generally referred to in literature as P 2 =P 0 , we follow that convention here; for the WRF measurement this is equivalent to D in Fig. 4 .
In the data, we see a positive correlation between the ' ¼ 2 mode amplitude inferred from the shock qR and the stagnation x-ray emission shape. A linear fit to the data provides a slope of 0.6 6 0.1.
To further investigate this, we generate a second dataset using recently-developed in-flight x-ray radiography of the imploding shell, which measures the shape at a similar time in the implosion as the qR measurements. 9 These shots correspond to a subset of The results of this analysis are shown in Fig. 6 , compared to the stagnation x-ray emission shape as in Fig. 5 . Again positive correlation is observed with a slope of approximately unity (0.82 6 0.25). The positive correlation between the shock and compression asymmetries means that the asymmetry maintains its phase during deceleration (i.e., a prolate in-flight implosions has a prolate stagnated shape).
In Figs. 5 and 6, as the abscissa is the shock-bang-time asymmetry and the ordinate is the compression-bang-time asymmetry, the slope in the data corresponds directly to the amplitude of the asymmetry at compression relative to shock, i.e., the growth factor between these times. In both data sets (Figs. 5 and 6 ), the slope being Շ1 indicates a lack of growth in apparent mode amplitude between shock (CR $ 4) and compression (CR $ 20) phases. To explore this further, we consider several models for asymmetry growth of a radial ' ¼ 2 perturbation. The simplest is BellPlesset, a model for asymmetric incompressible flows in spherical compression, 45 which predicts a simple convergence scaling D / ðCR À 1Þ. For ICF, modified Bell-Plesset theory for compressible flows 46 is more appropriate. Finally, we also consider typical 2-D radiation hydrodynamics simulations of asymmetrically driven surrogate implosions using HYDRA. 47 The expected growth factors between the shock and compression times using these models are summarized in Table I .
The growth factor corresponds directly to an expected slope in Figs. 5 and 6, clearly inconsistent with the data for all models. This is in contrast to the previous experiments showing that the Bell-Plesset model holds for low-mode asymmetry growth between shock and compression in direct-drive OMEGA implosions. 10% flux asymmetry applied during the peak power.
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The most plausible explanation for this result is that the stagnation x-ray emission shape asymmetries do not represent (i.e., are smaller than) the qR asymmetries at that time. A lack of correspondence between stagnation x-ray and qR asymmetries has been seen in recent computational studies, 12, [48] [49] [50] [51] in indirect-drive OMEGA experiments, 52 and in the 2-D HYDRA simulations used for Table I . This interpretation is consistent with the results of DT-layered cryogenic implosions at NIF, where neutron metrics [53] [54] [55] show very large qR asymmetries, of order 2 À 3Â variation between lines of sight at compression, while the x-ray core shape is much closer to symmetric. 56 The growth models considered in Table I implicitly assume efficient conversion of the imploding shell's kinetic energy into stagnated thermal energy. If significant residual kinetic energy exists at stagnation, for example, through non-radial flows or turbulent motion, then we would not expect the growth models to be valid. Whether a growth factor $1 is consistent with this hypothesis could be investigated with 3D radiation-hydrodynamics simulations.
Another consideration is scenarios which cause qR asymmetries but not shape asymmetries, such as variations in shell remaining mass or density in addition to convergence (shape). These scenarios would still cause significant performance degradation, and will be investigated using inflight x-ray radiography 9 to complement this technique. Finally, the presence of ' ¼ 1 modes could affect the shock qR but not be apparent in x-ray stagnation imaging; however we note that the asymmetry magnitudes in this work are consistent with in-flight x-ray radiography, 9 suggesting that ' ¼ 1 is not dominant. This could be verified with dedicated shots inducing ' ¼ 1 modes in these implosions, similar to recent experiments with DT fuel. 41, 42 Finally, the effects of bulk fuel velocity and scattering are small for this technique (see the Appendix).
IV. COASTING INTERPRETATION
The cause of the large variation in observed asymmetries, both in magnitude and sign, has also been investigated. As in Fig. 5 , we control for variation in other asymmetry modes by selecting shots with m 2 =m 0 < 10%; m 4 =m 0 < 15%, and P 4 =P 0 < 15%. For this data set, a significant anti-correlation has been found with the implosion coasting time, which is the difference in time between the end of the laser drive and the peak nuclear production. The data are shown in Fig. 7 . The anti-correlation means that the implosions are more prolate (sausaged) for short-coast (extended drive) pulses. This sensitivity suggests that the asymmetries result from asymmetries in the flux during peak drive. The trend with coasting, and an apparent change in asymmetry sign near a coast time $1:75 ns, means that the peak flux has a time-varying asymmetry. The P 2 flux asymmetry during the peak drive depends on the relative strength of the inner and outer beams (cone fraction), the wavelength separation between beams (dk), and thus on the cross-beam energy transfer which has an additional complex dependence on the hohlraum plasma conditions.
V. CONCLUSION
In conclusion, implosion qR asymmetries are clearly observed at the shock-bang time in D 3 He surrogate experiments at the NIF. This technique is unique because it uses charged particles to probe qR asymmetries at the shock bang several hundred ps before implosion stagnation, corresponding to a convergence ratio of $3 À 5 and occurring just before peak implosion velocity, thus isolating accelerationphase asymmetry growth. The observed asymmetries are interpreted as a ' ¼ 2 (P 2 ) asymmetry in shape, with the data routinely showing asymmetry magnitudes տ 10% at this time. These asymmetries would degrade performance later in time during stagnation, with growth factors տ 3Â predicted by several models. However, when comparing these measured asymmetries to the x-ray stagnation emission shape, a lack of growth is observed in apparent asymmetry mode amplitude, in contrast to the expected տ 3Â growth. This suggests the x-ray stagnation emission shape does not accurately reflect the stagnation shell (qR) shape or possibly that significant residual kinetic energy exists. Finally, the observed variations in asymmetry magnitude and sign are partly explained by an anti-correlation with the implosion coasting time, suggesting that a significant time-dependent asymmetry in the peak flux drives the observed implosion asymmetries. Such a time-dependent ' ¼ 2 asymmetry could be caused by the cross-beam energy transfer between the inner and outer beams varying during the main pulse. Importantly, with several techniques now available for measuring the symmetry over the entire implosion evolution from CR ¼ 1 ! 20, these observed asymmetries can be studied and mitigated, as necessary for ignition on the NIF. He proton birth energy E p ðT i Þ is used to calculate the initial velocity in the center-of-mass frame:
. For a given bulk velocity v b in the detector direction the velocities add relativistically:
with the Doppler shifted energy given by
where DE p is the energy shift due to the bulk velocity. Using relativistic kinematics 57 and the parameterized crosssection, 58 DE p is calculated and shown in Fig. 8(a) as a function of the bulk velocity.
If the burning fuel has a bulk velocity in the direction of one of the detectors, the higher (lower) initial proton energy results in a higher (lower) final proton energy, which results in a lower (higher) inferred qR. This is shown in Fig. 8(b) . Since the polar and equatorial detectors are approximately orthogonal, a bulk fuel velocity towards one DIM will not cause an energy shift towards the other, meaning that the shift in inferred qR due to the velocity causes an apparent asymmetry, which is shown in Fig. 8(c) .
As the protons are created by the shock coalescence and burn, any net fuel velocity would be caused by an asymmetry in the converging shock. The most comparable scenario are shock-driven "exploding pusher" implosions, in which all of the nuclear yield is produced by a single strong shock. The shock strength is much higher in exploding pushers than in the low-adiabat surrogate implosions used in this work, and thus the bulk fuel velocity in exploding pushers can be taken as an upper limit.
In a D 3 He exploding pusher on NIF, the proton energy uniformity was observed to be 675 keV between the pole and equator, 59 corresponding to Շ150 km/s bulk fuel velocity if attributed entirely to Doppler shifts. In DT exploding pushers, 60 DT-n Doppler shifts were observed corresponding to fuel velocities up to 200 km/s. For velocities up to 6200 km/s, the apparent asymmetry caused by the proton Doppler shift is 60.04 in D. As this is much smaller than the observed asymmetries, which have D ¼ 0:1 À 0:2 routinely, plausible bulk fuel velocity Doppler shifts cannot cause the observed asymmetries, but may be responsible for some of the observed shot-to-shot scatter in Figs. 5 and 6.
APPENDIX B: SCATTERING EFFECTS
As the protons traverse material, they undergo collisions. Rutherford scattering off of atomic nuclei can produce large-angle deflections, which could potentially mask asymmetries via scattering in materials surrounding the target. The differential cross section is
with
The protons are energetic, so v rel is relatively high, leading to a suppression of scattering effects as the cross section / v À4 rel . Additionally, large-angle scattering is suppressed by the sin À4 ðh=2Þ dependence. This leads to large-angle scattering being a small effect, which can be verified with the TRIM Monte Carlo code. Most of the hohlraum is surrounded by significantly thicker material, such as a diagnostic band, while the equatorial line-of-sight for the WRFs looks through a thinner region. While protons going through the thicker regions of the wall may undergo large-angle scattering into the detector solid angle, their energies will be much lower than the protons exiting the hohlraum through the thin region, and thus these protons will not be counted in the analysis.
The effect of scattering on protons transiting the nominal hohlraum wall (30 lm of Au and 74 lm of Al) near the line-of-sight is evaluated with TRIM, and shown in Fig. 9 . Most of the scattering occurs in the Au wall due to the Z 2 dependence (Eqs. (B1) and (B2)). Fig. 9(a) shows the angular distribution of protons after the wall for a typical initial energy E p ¼ 12 MeV. The distribution peaks $2 scattering angle. Fig. 9(b) shows the distribution as the fraction of protons scattered with angle greater than h. The TRIM calculation shows that $90% of protons scatter less than 5 in the wall, and $98% scatter less than 10 . This means that we expect high-mode asymmetries to be masked by scattering, but low-mode asymmetries, the focus of this paper, are unaffected.
Such that the spherical harmonics are normalized, a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2'þ1 4p
ð'ÀmÞ! ð'þmÞ! q .
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For the low modes considered, the variations are much larger than the detector solid angle ($1 subtended) so using a local value of R cm ðh; /Þ and thus qRðh; /Þ is a good approximation.
